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We have demonstrated that the breakpoints of the constitutional t(11;22) are located at palindromic AT-rich repeats
(PATRRs) on 11q23 and 22q11. As a mechanism for this recurrent translocation, we proposed that the PATRR
forms a cruciform structure that induces the genomic instability leading to the rearrangement. A patient with
neurofibromatosis type 1 (NF1) had previously been found to have a constitutional t(17;22) disrupting the NF1
gene on 17q11. We have localized the breakpoint on 22q11 within the 22q11-specific low-copy repeat where the
breakpoints of the constitutional t(11;22)s reside, implying a similar palindrome-mediatedmechanism for generation
of the t(17;22). The NF1 gene contains a 195-bp PATRR within intron 31. We have isolated the junction fragments
from both the der(17) and the der(22). The breakpoint on 17q11 is close to the center of the PATRR. A published
breakpoint of an additional NF1-afflicted patient with a constitutional t(17;22) is also located close to the center
of the same PATRR. Our data lend additional support to the hypothesis that PATRR-mediated genomic instability
can lead to a variety of translocations.
The constitutional t(11;22) is the only known recurrent
non-Robertsonian translocation. The recurrent nature of
the rearrangement implicates a specific genomic struc-
ture at the t(11;22) breakpoints. Translocation break-
points of t(11;22) cases have been cloned, and all the
breakpoints are located within palindromic AT-rich re-
peats (PATRRs) on 11q23 and 22q11 (Kurahashi et al.
2000; Edelmann et al. 2001; Tapia-Paez et al. 2001).
The majority of individuals with the t(11;22) have
breakpoints at the center of the PATRRs, suggesting that
the center of the PATRR is susceptible to double-strand-
breaks (DSBs) leading to the translocation (Kurahashi and
Emanuel 2001a). Indeed, translocation-specific PCR can
detect a high frequency of de novo t(11;22) occurrences
in normal sperm samples (Kurahashi and Emanuel
2001b).
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Neurofibromatosis type 1 (NF1 [MIM 162200]) is an
autosomal-dominant inherited disorder characterized
particularly by cafe-au-lait spots and fibromatous tu-
mors of the skin. The NF1 gene was positionally cloned
by two groups, one of which utilized an NF1 case with
a constitutional karyotype of t(17;22)(q11;q11) (Vis-
kochil et al. 1990; Wallace et al. 1990). We have further
analyzed the breakpoints of this original patient with
t(17;22) (Ledbetter et al. 1989).
The chromosome 17 breakpoint of the patient with
NF1 had been mapped elsewhere using a somatic cell
hybrid that carries the der(22) of the patient (O’Connell
et al. 1989). Subsequently, the NF1 gene was identified,
and the translocation was shown to disrupt the gene
(Viskochil et al. 1990). The chromosome 22 breakpoint
of the patient was also mapped into the region typically
deleted in patients with DiGeorge syndrome, using this
somatic cell hybrid (Budarf et al. 1996). Tomore precisely
localize the breakpoint within 22q11, FISH was per-
formed onmetaphase preparations from a cell line derived
from the patient (P89-75L). We used multiple cosmids
located on 22q11 and isolated from the LL22NCO3 cos-
mid library. Signals of c68a1were detected on the der(22),
whereas those of c87f9 were detected on the der(17).
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Figure 1 Localization of the 22q11 breakpoint of the patient with t(17;22). A,Map of the 22q11 breakpoint region. LCR-22s are indicated
by boxes. Location of probes used for FISH analysis are indicated by the vertical bars. B, FISH results on metaphase chromosomes of the
t(17;22) patient. Both c68a1 (N41, red) and c87f9 (ZNF74, green) are hybridized simultaneously to metaphase chromosomes. As a control,
cos82 (22q13, red) was used to mark distal 22q. Signals for c87f9 and cos82 are observed on the der(17) (arrow), whereas the c68a1 signal
is observed remaining on the der(22) (arrow head). This indicates that the breakpoint is located between these markers in LCR22B. The other
chromosome with signal for all three probes is the normal chromosome 22.
Since c68a1 and c87f9 contain the proximal and distal
markers flanking low-copy repeat 22B (LCR22B) (Shaikh
et al. 1999, 2000), the breakpoint of the patient was
localized within LCR22B (fig. 1). Since there is still a
90-kb unclonable contig gap within LCR22B in the draft
sequence of the human genome, sequence of the break-
point region cannot be obtained (Dunham et al. 1999).
The breakpoint of the constitutional t(11;22) has been
mapped within LCR22B (Funke et al. 1999; Shaikh et al.
1999), and sequence analysis of t(11;22) junction frag-
ments demonstrated that the 22q11 breakpoint of the
t(11;22) is located within a PATRR. Indeed, LCR22B
appears to be a hotspot for various translocations in-
volving other autosomes (Kurahashi et al. 2000), sug-
gesting that the PATRR within LCR22B is large and
quite unstable. The t(17;22) has also been hypothesized
to be mediated by PATRRs on 17q11 and 22q11.
To isolate the chromosome 17–breakpoint region of
the t(17;22), the entire genomic sequence of the NF1
gene (GenBank accession number AC004526) was sur-
veyed for PATRRs using the PALINDROME software.
Thus, we identified a PATRR within intron 31 of the
gene, 209 bp downstream of the end of exon 31 (fig.
2A). The PATRR comprises a nearly perfect palindrome
of 195 bp (fig. 2B). Homology between the proximal
and distal arms is 97% (fig. 2C). The distal arm has an
extra 8 bp in addition to the sequence of the proximal
arm, and there is no obvious spacer region at the center
of the PATRR. The AT content of the PATRR is as high
as 80%. A relatively GC-rich region is located on both
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Figure 2 The chromosome 17 PATRR. A, The PATRR is located 209 bp downstream of exon 31 within the NF1 gene. B, Genomic
sequence of intron 31. Exonic sequence is displayed in italics. The 195-bp PATRR is shown in bold. PCR primers used for this study are
underlined. C, Sequence comparison of the proximal and distal arms of the PATRR by ClustalW. Asterisks indicate identical nucleotides between
the proximal and distal arms. Thick arrows indicate the breakpoints of the patient with t(17;22), whereas thin arrows indicate that of the
patient described by Kehrer-Sawatski et al. (1997).
ends of the arms of the palindrome, the local GC content
of which is 55% in 29 bp. The structure of the PATRR
appears quite similar to that of the 11q23 and 22q11
PATRRs.
To isolate the junction fragments of the der(17) and
the der(22) of the patient with t(17;22), PCR was per-
formed using one primer flanking the chromosome 17
PATRR and another chromosome 22 primer flanking
the chromosome 22 PATRR (fig. 3). The latter primer
had been used for isolation of t(11;22) junction frag-
ments (Kurahashi et al. 2000). Both the der(17) and the
der(22) junction fragments were successfully PCR ampli-
fied, indicating that the translocation breakpoints were
located within the PATRRs of chromosomes 17 and 22.
The breakpoint sequences of the der(17) and the der(22)
are nearly identical to each other (fig. 3B), as was the
case in almost all instances of the t(11;22). This implies
that the translocation occurs at the center of the PATRRs
on 17q11 and 22q11, with or without a symmetrical
central deletion. Indeed, the chromosome 17 breakpoint
is located near the center of the PATRR (fig. 2C). Pro-
vided that the original chromosome 17 involved in the
t(17;22) had a similar sequence to that in the database,
there should be a symmetric 7-bp deletion at the center
of the PATRR. The chromosome 22 sequences of the
t(17;22) junction fragments were identical to those of
the t(11;22) reported elsewhere, suggesting that the same
PATRR on 22q11 is involved (Kurahashi and Emanuel
2001a). Since there is no homology between the se-
quences of the 17q11 and 22q11 breakpoints, including
the flanking regions, the PATRR is the only common
feature of the breakpoint regions.
The junction fragment sequence of another NF1-af-
fected patient with a t(17;22) had been reported else-
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Figure 3 Junction fragments of the t(17;22). A, Structure of the junction fragments of the der(17) and the der(22). White boxes indicate
chromosome 17, and gray boxes indicate chromosome 22. PCR primers are indicated by arrows. B, Sequence of the junction fragments. Each
sequence is shown from chromosome 17 to chromosome 22. Chromosome-17 PATRR is indicated by boldface, whereas chromosome 22 PATRR
is indicated by italics. PCR primers are underlined.
where (Kehrer-Sawatski et al. 1997). We have also
mapped the breakpoint of Kehrer-Sawatski’s patient in
the chromosome 17 PATRR. The breakpoint of the pa-
tient is one nucleotide distal to the breakpoints of our
patient from the center of the PATRR, and a symmetric
9-bp deletion is also observed (fig. 2C). Thus, it is likely
that these translocations arose independently by a com-
mon mechanism involving the PATRR.
To estimate the frequency of de novo t(17;22)s, trans-
location-specific PCR (fig. 3A) was performed using
sperm samples obtained from four healthy donors, after
obtaining informed consent. To increase the sensitivity,
nested PCR reactions were performed. PCRs for the
der(17) and the der(22) were performed on 44 aliquots
of each of four spermDNA samples. These PCR reactions
failed to detect any de novo translocation-specific prod-
ucts (data not shown). Thus, the calculated frequency
for de novo t(17;22) rearrangements in male meiosis is
.7! 7.0# 10
In the present study, we demonstrate that this consti-
tutional t(17;22) is also mediated by similar PATRRs on
chromosomes 17 and 22, as proposed by Edelmann et
al. (2001). Palindromic DNA is unstable in prokaryotes
and eukaryotes, inducing both homologous and illegit-
imate recombination. It is generally assumed that palin-
dromic DNA forms a cruciform structure that is unstable
and could lead to a translocation. The data presented here
add support to this proposed mechanism. The mecha-
nism of PATRR-mediated DSB induction is still unknown.
Perhaps the cruciform structure blocks progression of
the replication fork and generates free ends that must
be repaired (Leach 1994). Alternatively, a conformation-
specific endonuclease may cleave at the center of the
PATRR, although the key enzyme which catalyzes cleav-
age of the PATRR has not yet been identified. Cruciform
structures resemble Holliday junctions, which may be a
target for Holliday junction resolvase. Symmetrical de-
letion at the center of the PATRR and lack of homology
between the sequences of the 17q11 and 22q11 break-
point regions are reminiscent of repair by nonhomolo-
gous end joining (NHEJ). Recent study indicates that
the Mre11 protein, which is essential for NHEJ, is nec-
essary for repair of palindrome-mediated DSBs (Lo-
bachev et al. 2002).
We demonstrated elsewhere that a long AT-rich region
with relatively GC-rich ends is characteristic of the
PATRRs on chromosomes 11 and 22 (Kurahashi and
Emanuel 2001a). We have proposed that the AT richness
of the PATRR contributes to strand separation at phys-
iological temperatures and that the relatively GC-rich
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end of the PATRR contributes to the stable intrastrand
complementary interaction of the PATRR, which may
induce formation of a cruciform structure. The chromo-
some 17 PATRR also has these two characteristics, which
may contribute to the genomic instability of the PATRR.
The size of the PATRR can presumably affect its sta-
bility, influencing the frequency of the translocation. The
11q23 PATRR is 445 bp long and has a nearly complete
palindromic structure (Kurahashi and Emanuel 2001a).
In contrast, the chromosome 17 PATRR in the database
has a size of 195 bp, about half that of the 11q23 PATRR.
Although the PATRR on 22q11 is located within one of
the unclonable gaps in the human genome sequence, it
is presumed that there is a larger PATRR than that on
11q23 or that there are multiple copies of the PATRR
on 22q11. Although the t(11;22) is a somewhat rare
condition, the t(17;22) appears to be much less common.
The low frequency of the t(17;22) may reflect that PATRR
instability is size dependent.
Although the mouse Nf1 gene has a similar exon-
intron structure to that of humans, the mouse gene has
no PATRR in the corresponding intron (data not shown).
This implies that the chromosome-17 PATRR arose re-
cently in the evolution of mammals. On the other hand,
the short polymorphic version of the chromosome 11
PATRR appears to have an asymmetric central deletion,
which may be derived from a longer version of the
PATRR (Kurahashi and Emanuel 2001a). Long palin-
dromic sequences are removed from the genome of trans-
genic mice with asymmetric insertion or deletion, which
stabilizes the palindrome (Collick et al. 1996; Akgun et
al. 1997; Lewis 1999). Alu-inverted repeats, which are
highly homologous, are substantially underrepresented
in the genome relative to direct repeats, as though they
also may have been eliminated from the genome (Lo-
bachev et al. 2000). These data suggest that inverted re-
peats, like these chromosome-11, -17, and -22 PATRRs,
are generated but are eliminated within a short time
during evolution because of their instability in the ge-
nome. Thus, studies of the PATRR might lead to elu-
cidation of the evolutionary dynamics of the genome.
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